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The BCS-BEC Cros
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Energy update (ground state)

@ Ground state energy per particle
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Energy U pd ate (finite temperature)

@ Finite T equation of state (theory & experiment)
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Energy U pd ate (finite temperature)

@ Finite T equation of state (theory & experiment)

05 SEELIEEL DL LU L O L L B L L LR G
i 4 *W"Trrr_:}h .
| M% bl .
( D
0.4 | /4 "%% | .
" ¢. T,‘rﬁ |
i "o 05 1
fo o
. .Hﬂ
051.03 - M
\1 %. ﬂ'r_
0) o [LL-_
1l
: o o q
¢ 0 . . .
0.2 S n - Experiment: Zwierlein et
o . (MIT
e Experiment (MIT) o T & a ( )
Carlson et al. . ) _
5 BDM, N, =8 by Drut, Lahde, Wlazlowski,
 —o— Extrapolation . . | Magierski, arXiv:1111.5079
0.1 1 1 1 1 1 1 1 1 1 i M 1 1 L 1 M M M 1 1 1 1 M

T/SF



The Tan relations and the “contact”

@ Momentum distribution tall
ng — C / k4 S. Tan, Annals of Physics 323, 2952 (2008).

Lk — 00 E. Braaten and L. Platter,
Phys. Rev. Lett. 100, 205301 (2008).
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The Tan relations and the “contact”

@ Momentum distribution tall
ng — C/]{?4 S. Tan, Annals of Physics 323, 2952 (2008).

Lk — 00 E. Braaten and L. Platter,
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@ Energy relation
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@ Short distance density-density correlator

(ni(R+ 37) na(R— 37)) 1617rz (l _ 3) C(R)
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@ Adiabatic relation @ Pressure relation
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Momentum distribution

Theory (lattice) Experiment

J. E. Drut, T. A. Lahde, T. Ten
i Phys. Rev. Lett. 106, 205302 (2011)

J. T. Stewart et al
PRL 104, 235301 (2010)
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What do we know so far?

@ Growthatlow T
@ Decrease athigh T
@ Maximum around T=0.4Tr

@ Finite density effects?

@ What happens in the
crossover?

Virial expansion:

Yu, Bruun & Baym PRA 80, 023615 (2009)
Hu, Liu, & Drummond, arXiv:1011.3845

T-matrix: Palestini et al.
PRA 82, 021605 (2010)

Improved T-matrix: Enss et al.
doi 10.1016/j.a0p.2010.10.002
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Recent technical
developments



Dealing with systematic effects

Finite volume Related to each other

. .
Finite lattice spacing Induce finite-range effects
T EOI | 9 4
In general we have... pcotd(p) = ——+ §Teﬁ‘p + O(p~)
a

But we want... pcotd(p) =0 ... at unitarity



Dealing with systematic effects

Finite volume Related to each other

. .
Ll 9 4
In general we have... pcotd(p) = —— + §Teﬁ‘p + O(p~)
a
But we want... pcotd(p) =0 ... at unitarity

y i ram r!
=» Can’t do that with only one paramete Effective range

remains finite!
Point-like interaction V' = — g f ;7
(]

A

Transfer matrix ¢ 3 e—TH ~ 6—%6—7‘\/6—% 1 0(7_2)



Dealing with systematic effects

= We need a “richer” HS transformation Endres et al.

multiple papers.
Typically...

T — /Da T, [0]T,[0]

Ty . _ 1Ty
T o] =€ 2 H (1 + \/Zns,i sma,,;) e 2
i

Now...

Alp) = ) Co0,(p)
n=0



Dealing with systematic effects

» Highly improved actions

5 S(E)
e.g. using Luscher’s formula p/ T, \

Energy eigenvalues

s-wave phase shift in a box (no lattice)
O(A? — n? = bL
S(n) = lim ( ) A A = 2z
A—o0 i n2_772 E:pZ/m
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Dealing with systematic effects

» Highly improved actions

ing L0 ’ cot 0 = S(E)
e.g. using Luscher’s formula p/ - T \

Energy eigenvalues

s-wave phase shift in a box (no lattice)
(scattering experiment information) (theory information)
L
, O(A? — n? n= 8=
S(n) = lim ( : > ) 4 A 2;
AFpooites M=) E =p“/m

=% Decide what scattering parameters you need

= Tune your Hamiltonian accordingly

= Profit!



Dealing with systematic effects

» Highly improved actions

Adding more parameters to the transfer matrix
and tuning via LUscher’s formula...
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Dealing with systematic effects

» Highly improved actions & operators
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Dealing with systematic effects

» Highly improved actions & operators

Adding more parameters to the transfer matrix
and tuning via Luscher’s formula...
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A more direct way to the contact...

At T=0...

OF he
= 6

Oa—1! 41tm,

At finite T...
oS 1 (0logZ R O
oa—* T B\ Oa! T - 4mm

In both cases we need

87'20xact 8 E2
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Results: GS Energy
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Results: GS Contact

3.2

- Fit to Ny =1 -
----- et Fit to Np =4 :

3 -

2222
OO0 -

=0 N =
X

KK

2.8 I

e

2.6 |
24

C/Nkg

22
o |

1.8

1.6 | -

JED
arXiv:1203.2565



Where do we go from here??

4

We have implemented these improved actions and
operators in our finite-temperature codes.

We are reassessing our previous calculations in the light of
new ones done with these new tools.

We are simultaneously pursuing the calculation of response
functions (specific heat, compressibility, susceptibility,
viscosities).



Summary & conclusions

» Strongly interacting Fermi gases have universal properties

» Studying the universal regime requires non-perturbative
numerical approaches such as Quantum Monte Carlo
and Lattice QCD-type tools.

» Cond-mat, Nucl-th, Hep-th, Hep-lat are all interested in
these problems! (again universality)
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» Strongly interacting Fermi gases have universal properties

» Studying the universal regime requires non-perturbative
numerical approaches such as Quantum Monte Carlo
and Lattice QCD-type tools.

» Cond-mat, Nucl-th, Hep-th, Hep-lat are all interested in
these problems! (again universality)

» Much is known (much more than shown here) but much
remains to be done! New tools are needed...

» Precise determination of equilibrium and linear-response
guantities is largely in its infancy (just a couple of exceptions).

» Precision is required to understand the physics, in some cases
even qualitatively!

We are entering a “precision” era!



Thank you!



